Caliciviridae represent a family of small positive-strand RNA viruses. They comprise four genera (22) distinguished by their host range and genome organization (12, 13) . Two genera, the Sapporo-like viruses and the Norwalk-like viruses (NLVs), are highly contagious human pathogens that are responsible for outbreaks of epidemic acute gastroenteritis (12) . NLVs, also called small round structured viruses, are currently divided into two genogroups based on nucleotide and amino acid sequence diversity (2, 23, 37, 64) . The prototype Norwalk virus and Southampton virus (SHV) belong to genogroup 1. At present, there is neither a cell culture nor an animal system available to study the replication of NLVs.
The genome of NLVs is a single copy of single-stranded, positive-sense RNA coding for three open reading frames (ORFs) (26, 28, 36) (Fig. 1) . ORF 1 encodes a 200-kDa polyprotein that is autocatalytically processed into nonstructural proteins possibly involved in virus replication (38) (Fig. 1) . ORF 2 codes for the major structural protein of 58 kDa, the building block of the viral capsid (17, 27, 65) . ORF 3 encodes one minor structural protein of 22 kDa with unknown function (20) .
Sequence analyses of the ORF 1 of caliciviruses have revealed the presence of motifs in the primary translation product that are associated with distinct functions of nonstructural proteins encoded by picornaviruses and other plus-strand RNA viruses (12) . These functions include a trypsin-like cysteine proteinase, an RNA-dependent RNA polymerase (RdRp), and a putative superfamily 3 (SF3) helicase (21) . Most attention has been focused on the proteinase, which has been shown to be related to picornavirus 3C pro based on similarity of sequence and function (12) . The RdRp of rabbit hemorrhagic disease virus has been shown to synthesize RNA in a primerand template-dependent manner (40) as has been demonstrated earlier for picornavirus 3D pol (19) . No function has yet been demonstrated for a calicivirus-encoded putative SF3 helicase. The observation that the translation product of calicivirus ORF 1 shares sequence motifs with picornavirus nonstructural proteins may indicate an evolutionary relationship between the two virus families (23, 24) and similar genome replication strategies.
Picornaviruses have been extensively studied, and among them poliovirus (PV) is one of the best characterized (66) . The nonstructural protein 2C contains the motifs A, B, and C related to nucleoside triphosphatase (NTPase) and possibly helicase activity (38) . Generally, motifs A and B, first described by Walker et al., appear in a variety of NTP-binding proteins of various functions (63) . Motif C consists of an invariant asparagine residue located at a distinct distance downstream of motif B (21) . Motif C is distinctive for SF3 helicases encoded by small DNA and RNA viruses (21) . Protein 2C of PV and Echovirus 9, both members of the genus Enterovirus (EV), have been demonstrated to exhibit NTPase activities (32, 41, 52, 55) . Recently, we have shown that a bacterially expressed fusion protein of glutathione S-transferase (GST) and PV 2C hydrolyzed ATP at least 70-fold more efficiently than other NTPs (52) . Mutations in motif A, B, or C abolished ATPase activity. The ATPase activity was strongly inhibited by 1 mM guanidine hydrochloride (52) , which at similar concentrations inhibits the RNA replication of PV and other picornaviruses (4, 43, 53, 66) . Mutations in PV 2C that confer a guanidineresistant or -dependent virus phenotype covaried with increased guanidine tolerance of the ATPase (52) . On the basis of these data, we refer conveniently to this protein as 2C ATPase (52) . SHV was isolated originally from a stool sample of a 2-yearold child during a family outbreak of acute gastroenteritis in Southampton, United Kingdom (36). Lambden et al. have constructed a full-length cDNA of the SHV genome and elucidated the sequence (36) . In vitro translation of ORF 1 combined with site-directed mutagenesis and immunodetection of the processing products revealed that the 3C-like proteinase releases a protein of 41 kDa (p41) that contains motifs A to C (38) . Using bacterially expressed and purified p41 of SHV we show for the first time an NTP-binding and -hydrolyzing activity associated with a calicivirus protein. The NTPase activity was independent of single-stranded nucleic acids. Comparison of calicivirus-encoded proteins with their picornavirus counterparts offers an additional opportunity to learn more about the molecular biology of human caliciviruses, a group of agents that are serious human pathogens (44) .
MATERIALS AND METHODS
Materials. Chemicals were purchased from Sigma (St. Louis, Mo.) and enzymes were purchased from Roche Biochemicals (Indianapolis, Ind.) unless stated otherwise. Oligodeoxynucleotides were synthesized on an ABI 394 DNA synthesizer (Applied Biosystems, Foster City, Calif.).
Engineering of expression plasmid. A plasmid containing the PstI-NsiI fragment (nucleotides [nt] 953 to 2663) of SHV cDNA (gift from P. Lambden) was used as the template in a PCR with Pfu polymerase (Stratagene, La Jolla, Calif.) and the oligodeoxynucleotides 5Ј-GGAATTCTAGAAGCGCTGTTTCAGGG ACCTGAAGAC and 5Ј-GCATCGATGCATGCTATTACTGTAGCTGGAAC TCATCC. The amplified DNA product was phosphorylated with T4 kinase and subsequently digested with EcoRI. Plasmid pGEX-KG (25) was linearized with HindIII. The single-stranded overhangs were digested using mung bean nuclease (New England Biolabs, Beverly, Mass). Subsequently, the DNA was digested with EcoRI and dephosphorylated with calf intestine phosphatase (New England Biolabs). After gel purification, the PCR-derived and pGEX-KG-derived fragments were ligated by T4 ligase. Competent Escherichia coli DH5␣ cells were transformed with the ligated products. Individual clones were picked, and the p41-coding sequence of the purified plasmid clone, designated pGEX-p41, was checked for correct orientation and sequence.
To create a plasmid for the expression of mutant p41 harboring a Q at position 168 instead of the wild-type (wt) K in motif A (-p41 K168Q), we used megaprimer PCR-mediated site-directed mutagenesis (16) . The antisense primer 5Ј-GCCTTGGTCTGGCCAATCCCAGG changed G to C and A to C at positions 1702 and 1703, respectively (positions in the SHV genome). The HindIIIDraIII fragment was excised from the final PCR product and ligated between the corresponding sites of pGEX-p41.
Expression and purification of GST-p41. The wt and mutant GST-p41 were expressed in E. coli BL21(DE3) transformed with the corresponding plasmids. Protein expression was induced by 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at a cell optical density at 600 nm of 1 in 2ϫYT medium (58) . Expression was allowed to proceed at 25°C for 3.5 h. Protein purification was performed as previously described for PV 2C fused to GST (52) .
ATP-binding assay. The ATP-binding assay was performed according to the method described by Clertant and Cuzin (14) , with some modifications. Radiolabeled oxidized ATP was prepared by combining 8 l of [␣- 33 P]ATP (10 Ci/l, 3,000 Ci/mmol; NEN, Boston, Mass.), 2 l of 24 mM HCl, and 2 l of 24 mM sodium m-periodate (NaIO 4 ). The reaction mixture was incubated at room temperature in the dark for 30 min. The reaction was stopped by the addition of 3 l of 50% glycerol. The binding reaction was prepared on ice and contained 5 g of protein, 1 mM magnesium acetate, 5 mM dithiothreitol, 100 mM HEPES-KOH (pH 7.0), 1.7 l of H 2 O, and 1 l of radiolabeled oxidized ATP. After gentle mixing, 2 l of 0.1 M sodium cyanoborohydride (NaCNBH 3 ; Fluka, St. Louis, Mo.) was added immediately, and the reaction mixtures were kept on ice for 17 h. Subsequently, 5 l of fivefold-concentrated sodium dodecyl sulfate (SDS) loading buffer was added, and the samples were boiled for 2 min and separated by SDS-polyacrylamide gel electrophoresis (PAGE) (35) . A prestained protein marker (Bio-Rad, Hercules, Calif.) was run in the same gel. The gel was fixed in 30% methanol-7.5% acetic acid, enhanced using Enhance (NEN), vacuum dried, and exposed to BioMax MS film (Kodak, Rochester, N.Y.).
ATPase assay. The standard ATPase assay mixture contained 1 g of protein, 0.5 mM ATP, 5 mM manganese chloride, 0.01% Triton X-100, 5 mM dithiothreitol, and 20 mM HEPES-KOH (pH 7.5) in a total volume of 60 l. The amount of inorganic phosphate was measured as a blue molybdate complex in a spectrophotometer as described elsewhere (45, 52) .
Helicase assay. A radiolabeled, partially double stranded DNA-RNA heteroduplex was generated to serve as the substrate in the helicase assay. Fifty picomoles of the dephosphorylated oligodeoxynucleotide 5Ј-TAGGGGGGGGG GGGCCCCCCCCTA was phosphorylated with polynucleotide kinase in the presence of 5 l of [␥-
32 P]ATP (10 Ci/l, 6,000 Ci/mmol; NEN) in a 20-l reaction volume at 37°C for 1 h. To the reaction mixture, 1 l of poly(C) (6 nmol/l of CMP; Pharmacia Biotech, Piscataway, N.J.), 29 l of H 2 O, and 50 l of 2ϫ hybridization buffer (40 mM HEPES-NaOH [pH 7.6], 1 M NaCl, 2 mM EDTA, 0.2% SDS) were added. The mixture was heated to 95°C and cooled to 25°C at a cooling rate of Ϫ0.5°C/min. Unincorporated [␥-32 P]ATP was removed by gel filtration through a Nick Spin column (Pharmacia Biotech) as specified in the manufacturer's manual. The substrate was purified further by Tris-borate-EDTA PAGE according to the method described by Kim et al. (30) . The DNA-RNA substrate was suspended in 80 l of H 2 O. A typical unwinding reaction mixture contained 1 l of substrate, 0.5 g of protein, 20 mM HEPES-KOH (pH 7.2), 3 mM ATP, 8 mM MnCl 2 , 5 mM dithiothreitol, and 0.01% Triton X-100. The reaction was carried out at room temperature for 30 min and subsequently processed for autoradiography as described elsewhere (30) .
Sequences. The amino acid sequences of SHV p41 (accession number Q04544 [36] ) and PV type 1, strain Mahoney 2C (accession number P03299 [31] ), were retrieved from the SwissProt database accessed through the ExPASy proteomics server.
Sequence alignments. Using SHV p41 and PV 2C as query sequences, related sequences were retrieved from the SwissProt and TrEMBL databases, using the FASTA program (48, 49) accessed through the EBI server. Six sequences of NLVs and 44 sequences of EVs were aligned separately. Two consensus sequences were generated, one for p41 of NLVs and one for 2C of EVs, using the default settings of the Multalin program (15) at the INRA server (France). The output of the consensus sequences was modified by replacing non-amino-acid acronyms with the most frequent residue in a particular position. Because of the limited amount of NLV sequences available, a consensus could not be found for each residue. In those cases, although rare, the residue present in the SHV p41 was selected as the consensus. Finally, the two consensus sequences were aligned to each other using the Align program at the Genestream Network server.
Secondary protein structure prediction. Secondary protein structure predictions were performed using Profile network prediction HeiDelberg (PHD) (56, 57) accessed through the CUBIC server, using SHV p41 and PV 2C as query sequences. The PHD program created a consensus from a family of sequences related to the query sequence. Based on the consensus sequence, a one-dimensional protein structure was predicted. The predicted structure was graphically displayed using Canvas program (Deneba Systems, Miami, Fla.). 
RESULTS

Purification and enzymatic characterization of SHV p41.
The nonstructural protein p41 of SHV is a processing product of the polyprotein encoded by ORF 1. The amino acids at either end of SHV p41 have been elucidated (38) , enabling us to express authentic SHV p41 in E. coli. The GST fusion protein expression system was chosen because of its versatility and ease of protein purification. The purification steps were monitored by SDS-PAGE ( Fig. 2A) . High expression of GSTp41 was achieved in the presence of 0.1 mM IPTG at room temperature (lanes 2 and 3). GST-p41 migrated with an apparent molecular mass of 64 kDa, slightly faster than with the calculated molecular mass of 67.4 kDa. It may not be accidental that PV 2C
ATPase also migrates faster than its molecular weight would predict, for which reason it originally escaped detection (34) . After cell lysis and solubilization, GST-p41 remained in the supernatant during centrifugation at 12,000 ϫ g (lanes 4 and 5). Binding of GST-p41 to glutathione-Sepharose appeared to be inefficient, since a considerable amount of GST-p41 failed to bind to the resin (lane 6). Nevertheless, after extensive washing of the resin, a sufficiently pure GST-p41 preparation was eluted (lane 7). The amount of protein obtained was typically between 3.6 and 4 mg per liter of bacterial culture. The purity was estimated to be 75%. A major contaminant was GST which was the result of either degradation of the p41 moiety or premature termination of translation. We observed this phenomenon, which may be intrinsic to this particular GST expression system, in an earlier study (52) . Using the same expression and purification strategy, we also produced the mutant p41 K168Q, a protein harboring a mutation in motif A (Fig. 2A, lane 8 ; see also Fig. 6 ).
Since the presence of motifs A and B in p41 suggests binding of NTP, we tested GST-p41 for its ability to bind oxidized [ 33 P]ATP. Chemical cross-linking of oxidized ATP with GSTp41 resulted in a covalent complex that migrated with an apparent molecular mass of approximately 64 kDa, similar to that of GST-p41 (Fig. 2B, lane 2) . In contrast, oxidized ATP could not be cross-linked to GST alone (lane 1) or to GST-p41 K168Q, which lacks a functional phosphate-binding loop (lane 3).
To test for potential ATPase activity of GST-p41, we incubated GST-p41 or GST-p41 K168Q in the presence of ATP and manganese ions. Inorganic phosphate was produced in reactions containing GST-p41 (Fig. 2C) . The amount of inorganic phosphate increased with increasing amounts of GSTp41. In contrast, no significant increase in inorganic phosphate concentration was observed when the reactions contained GST-p41 K168Q instead of wt GST-p41. Therefore, hydrolysis of ATP required wt p41 and was not the result of a contaminating bacterial ATPase. Taken together, these experiments demonstrated that p41 of a calicivirus is able to bind and hydrolyze ATP.
Properties of the NTPase activity of SHV p41. To characterize the ATPase activity of p41 in more detail, we have established the reaction conditions at which ATP is hydrolyzed very efficiently by SHV p41. The addition of bovine serum albumin or glycerol, both substances thought to enhance enzyme stability, did not increase the ATPase activity of p41 (not shown); 0.01% Triton X-100, a mild nonionic detergent, increased the ATPase activity by 50%, but higher concentrations of the detergent eliminated its stimulatory effect (not shown). The ATPase activity had a broad pH curve with optimal activity between pH 7.2 and 7.5 (Fig. 3A) . Time course experiments at various temperatures indicated that ATP is hydrolyzed most efficiently at 15°C (Fig. 3B) , in contrast to the optimal reaction temperature of 37°C for PV 2C
ATPase (52) . Surprisingly, hydrolysis by p41 was linear at all temperatures tested over a period of 30 min. This may indicate that the lower activity at higher temperatures was not primarily due to thermal denaturation of the enzyme. Indeed, preincubation of p41 at 30°C only marginally reduced its activity at 15°C (not shown). As NORWALK-LIKE VIRUS p41 IS AN NTPase 1613 expected, ATP hydrolysis by p41 was dependent on divalent cations as cofactors. Manganese was the preferred cofactor (Fig. 3C) ; 3.5 to 5 mM manganese chloride appeared to be optimal at an ATP concentration of 0.5 mM. From Fig. 3C , the velocity of ATP hydrolysis was estimated to be 1.4 s
Ϫ1
. A 50% reduction in velocity was obtained when manganese chloride was replaced by 20 mM magnesium chloride (Fig. 3C ). Zinc and calcium ions did not serve as cofactors in the ATPase reaction, as found for many other ATPases including PV 2C ATPase (not shown). In the presence of manganese, 10 mM magnesium chloride or 10 mM calcium chloride inhibited the ATPase activity by 10 or 20%, respectively. Zinc chloride at a concentration of 0.3 mM inhibited ATP hydrolysis completely (not shown). The ATPase activity of p41 was moderately sensitive to sodium chloride. A concentration of 100 mM inhibited ATP hydrolysis by 30% (not shown). Based on these observations, we have defined our standard reaction conditions (see Materials and Methods).
To find out whether NTPs other than ATP serve as substrates for p41, we replaced ATP by CTP, GTP, or UTP under standard conditions. It appeared that all NTPs were hydrolyzed (Fig. 3D) . Therefore, p41 is an NTPase (and hence is referred to below as p41 NTPase ). Hydrolysis was most efficient with ATP, closely followed by GTP. CTP and UTP were hydrolyzed with an efficiency of approximately 35% of that of ATP.
To test whether p41 NTPase is a target for guanidine inhibition as well, we performed ATPase reactions in the presence of various concentrations of guanidine hydrochloride. In contrast to poliovirus protein 2C ATPase (52), p41 NTPase did not lose its ATPase activity in the presence of up to 10 mM guanidine hydrochloride (Fig. 3E) . It may be significant that amino acid residue (aa) 218 of SHV p41 is a glycine. A glycine residue at the corresponding position in PV 2C
ATPase renders the ATPase activity resistant to up to 10 mM guanidine (52) and confers a guanidine-resistant phenotype to PV (53) .
Inhibitory effect of RNA on the activity of SHV p41 NTPase .
Since the presence of motif C identifies p41
NTPase as a member of SF3 helicases, we tested p41
NTPase for potential helicase activity. A heteroduplex consisting of a 32 P-labeled oligodeoxynucleotide hybridized to poly(C) was used as the substrate in unwinding assays (Fig. 4) . The substrate contained singlestranded 3Ј and 5Ј overhangs, which are required for duplexunwinding activities of most RNA helicases (29) . A preparation of purified hepatitis C virus (HCV) NS3 helicase (generous gift from D. W. Kim) was used as a positive control for substrate unwinding. The substrate was efficiently unwound by NS3, as evidenced by the fast migration of the labeled oligonucleotide in gel electrophoresis (Fig. 4, lane 1) . As expected, the NTPase-deficient mutant p41 K168Q was not able to separate the labeled oligonucleotide from the slow-migrating duplex (lane 3). More importantly, wt p41
NTPase was also inactive in this unwinding assay (lane 2), a result suggesting, but not proving, that p41
NTPase does not possess helicase activity.
The NTPase activity of most RNA helicases is stimulated in the presence of single-stranded RNA (29) . Thus, we tested the effect of ribonucleoside homopolymers on the ATPase activity of p41
NTPase . Poly(C) and poly(U) at a concentration of 1 ng/ l inhibited ATP hydrolysis by 70% (Fig. 5A) . It appeared that poly(A) and poly(G) were also potent inhibitors of the NTPase, although to a lesser extent than poly(C) and poly(U). In the presence of 20 mM magnesium, which may reflect a biologically more relevant cofactor for ATP hydrolysis than manganese, the ATPase activity of p41
NTPase was not stimulated by homopolymeric RNAs (Fig. 5B) . Significant inhibition, however, was observed only with poly(C). Taken together, the results indicate that RNA had no stimulatory effect on the NTPase activity of p41
NTPase . Moreover, ATP hydrolysis was inhibited by homopolymeric RNA under otherwise optimal conditions for ATP hydrolysis. We conclude from these results that p41
NTPase is distinct from typical RNA helicases. Amino acid sequence comparison between NLV p41 and EV 2C. When the first sequences of ORF 1 of Norwalk virus and SHV were deciphered in 1993, it became apparent that ORF 1 encodes a protein that shares motifs found in protein 2C of picornaviruses (28, 36) . Using FASTA, six deduced protein sequences spanning the 2C-like motifs of NLVs were retrieved from SwissProt and TrEMBL databases. Based on these six sequences, a consensus sequence (NLV p41) was calculated and aligned with the consensus sequence of 44 EV 2C sequences (Fig. 6 ). The two consensus sequences showed an overall identity of 20.3%. A hydrophobic region between residues 9 and 23 and an acidic region between residues 106 and 110 present in the NLV p41 consensus did not align with EV 2C. These regions contribute to the larger size of p41 (363 aa) than of 2C (329 aa). Additional gaps in the alignment of the two consensus sequences appear in regions of low sequence identity (lowercase letters in Fig. 6 ) located near the amino and carboxy termini of both consensus sequences. However, a high degree of similarity was found in the area of motifs A to C. Mutational analyses in PV have revealed that these motifs are involved in RNA replication (42, 61) and required for ATP hydrolysis (41, 52, 55) . Each of these motifs appeared to be preceded by conserved regions, designated AЈ, BЈ, and CЈ according to their locations upstream of motifs A, B, and C, respectively (Fig. 6 ). AЈ to CЈ partially overlap with and extend the conserved regions identified previously by Koonin and Dolja (33) . Region AЈ has the sequence RxxPV and is separated from motif A by five mostly hydrophobic residues. Region BЈ consists of the sequence DHxDGY, of which DxY is invariant in all EV and NLV sequences. Region BЈ and motif B are separated by eight residues. Finally, region CЈ consists of the sequence ExKG flanked by one hydrophobic residue at both sides. The nine residues between C' and motif C are mostly hydrophobic with the exception of an invariant serine residue. We also identified two invariant arginine residues, termed motif D, 17 and 18 aa downstream of the conserved asparagine residue in motif C. Motif D is conserved among all picornavirus and calicivirus sequences (28) (data not shown), which indicates a critical function of motif D in the life cycle of these viruses.
Comparison of domain organizations of SHV p41 and PV 2C. At present, a crystal structure encompassing motifs A to C of a member of the SF3 helicases is not available. To test whether the similarity in amino acids sequence between p41 and 2C is also reflected in protein structure and domain organization, we created individual one-dimensional structure pre- dictions for p41 and 2C. Using the PHD program, we found patterns of ␣ helices and ␤ strands that appeared to be remarkably similar (Fig. 7) . Both predictions contained a large domain dominated by ␣ helices in the amino-terminal third of the protein. The central domain with motifs A to D contained four ␤ strands that are well aligned between the two predictions. A small helical region appeared at the carboxy termini of both predictions. It thus appears that p41 and 2C have similar domain organizations consisting of two ␣/␣ domains that flank a central ␣/␤ domain. The ␣/␤ domain contains all of the highly conserved motifs found by sequence alignment (Fig. 6 ) and is thus likely to perform similar catalytic core functions in the two proteins.
DISCUSSION
NLVs are human enteric caliciviruses for which no cell culture or small-animal system is available. Consequently, the tools for the study of virus replication and mechanisms of viral pathogenicity are restricted to in vitro assays. These assays have mostly addressed the proteolytic activity of the virally encoded trypsin-like cysteine proteinase (12) , an enzyme responsible for the cleavage of the ORF 1-encoded polyprotein. One of the cleavage products is p41, a protein with sequence motifs that suggest a relationship to SF3 helicases. In this study, we have addressed NTP binding, NTP hydrolysis, and helicase activities of SHV p41. By sequence comparison, we found regions of high similarity between NLV p41 and EV 2C.
Using a bacterially expressed GST-p41 fusion protein, we demonstrated that p41 bound ATP in a manner that required an intact motif A. P41 was able to hydrolyze ATP at a rate of up to 1.4 s Ϫ1 , which is slightly higher than that reported for PV 2C ATPase (0.9 s Ϫ1 ) (52) . In contrast to PV 2C ATPase , which prefers strongly ATP as substrate (52) , p41 was found to be a promiscuous NTPase with a marginal preference for ATP over GTP and then CTP/UTP. To our surprise, the ATPase activity of p41 was most efficient at 15°C and in the presence of relatively high (Ն3.5 mM) concentration of manganese ions. Optimal enzyme activity under rather nonbiological conditions may be explained by missing co factors that possibly play a role in the infected cell.
The NTPase activity of SHV p41 NTPase was neither dependent on nor stimulated by homopolymeric RNA. A stimulation of NTPase activity by RNA is a common property of helicases (29) . Moreover, whereas an RNA-DNA heteroduplex was readily unwound by HCV NS3, an RNA helicase (30) , this heteroduplex was not unwound by p41
NTPase . It is noteworthy that numerous attempts in several laboratories (52, 55 ; H. Shimizu, personal communication) have also failed to identify a helicase activity for picornavirus protein 2C. Thus, although 2C-like proteins like p41 of caliciviruses and 2C of picornaviruses have adopted the NTP-binding and hydrolysis motifs of SF3 helicases, they seem to use their ability to hydrolyze NTPs for a function distinct from nucleic acid unwinding. Under optimal assay conditions, the ATPase activity of p41
NTPase was sensitive to the presence of homopolymeric RNA, an observation arguing against helicase activity and suggesting that the NTPase activity may need to be down regulated at some point during viral replication.
The NTPase activity of p41 NTPase is the third enzymatic function identified for a calicivirus-encoded protein. In contrast to the proteolytic and RNA-synthesizing activities, the significance of the NTPase, however, is not obvious. In a reconstituted in vitro system, PV RNA polymerase (3D pol ) is able to initiate RNA synthesis in the absence of 2C ATPase (47) . However, in an in vitro translation-transcription system primed with PV RNA, initiation of RNA synthesis required the guanidine-sensitive function (4, 43) , which has been identified to be the ATPase activity of 2C ATPase (52) . 3D pol has also been demonstrated to possess an unwinding activity (10) , allowing the polymerase to melt RNA duplexes of more than 1,000 bp in length while elongating a nascent RNA chain. However, (42, 61) . Thus, it seems that functions of 2C-like proteins are indispensable in the infected cell but dispensable in some biochemical reactions involving highly purified components such as initiation of RNA synthesis (47) and RNA duplex unwinding (10) .
A large body of genetic and biochemical information has (56, 57) . Black, gray, and dashed regions are predicted to fold into ␣ helices, turns, and ␤ strands, respectively. White regions indicate no prediction. Regions of high sequence similarity (boxed or framed in Fig. 2 ) are labeled and indicated by black bars. The locations of known structural features of PV 2C (Amph., amphipathic helix [46] ; ZF, zinc finger [51] ) are indicated. The putative domain organization into ␣/␣ and ␣/␤ folds is shown by double-headed arrows.
suggested that protein 2C of picornaviruses is involved in many processes during virus replication, yet its precise mechanism of function has not been determined. Inhibitors such as guanidine hydrochloride, benzimidazole derivatives, and derivatives of hydantoin target functions of 2C required for RNA replication (4, 43, 66) and encapsidation (62) . Expression of picornavirus protein 2C in mammalian cells results in the formation of vesicles (1, 11, 59, 60) . In infected cells, these virus-induced vesicles are tightly associated with the viral replication complexes (7, 9) , the sites of RNA replication and virus assembly (6, 50) . Protein 2C, as well as the processing precursor 2BC, are believed to spatially organize the replication complex (6, 8) . Such a role of protein 2C is supported by its membrane (18, 60) and RNA-binding (3, 54) properties.
The morphology of the novel membranous structures that appear in eukaryotic cells expressing protein 2C of PV or hepatitis A virus has been studied in detail by electron microscopy (1, 11, 59, 60) . A mutation in motif A of PV 2C ATPase resulted in membrane structures distinct from those induced by wt 2C (11) . The mutation corresponds to our mutation K168Q in p41
NTPase , which affected ATP binding (Fig. 2B) . Thus, NTP-bound 2C and p41 may have a structural function that is regulated by the intrinsic NTPase activity. One may speculate that 2C-like proteins are involved in RNA replication and encapsidation by creating a dynamic structural scaffold that responds to the changing requirements during virus replication. Experiments that address the biochemical functions of SHV p41
NTPase and their effects on eukaryotic cells might help to clarify the mechanism by which caliciviruses and picornaviruses replicate and cause disease.
Caliciviridae and Picornaviridae are evolutionary only distantly related (5, 24) . Both families include numerous pathogens that infect a wide array of different tissues in a variety of hosts. It is thus not surprising that 2C-like proteins have diverged to accommodate different protein-protein and/or protein-RNA interactions occurring during replication in a tissueand host-specific environment (24) . To keep sequence diversity minimal, we restricted our sequence comparison to the 2C-like proteins of NLVs and EVs. Both genera include predominantly human pathogens, and both contain viruses that infect the gastrointestinal tract. Comparing the consensus sequences obtained from each genus, regions of high similarity have been identified. These regions precede the known motifs A to C by distinct spacing and were thus termed AЈ to CЈ. AЈ to CЈ overlap with the more extensive sequence homologies in these regions found in alignments of picornavirus sequences (67) . In addition, two invariant arginine residues, called motif D, were found at a constant distance downstream of motif C. Motif D has been found in other picorna-and caliciviruses (28, 67) but is not present in the SF3 helicases for which helicase activity has been demonstrated, such as simian virus 40 large T antigen and E1 of papillomaviruses (not shown). It will be interesting to see whether motifs AЈ, BЈ, CЈ, and D are involved in unique functions of 2C-like members of SF3 helicases.
Individual secondary structure predictions for NLV p41 and EV 2C revealed that the seven conserved motifs map to a central domain consisting of almost identical patterns of ␣ helices and ␤ sheets. The same result was obtained when 2C-like protein sequences of picornaviruses, caliciviruses, and picorna-like plant viruses were all aligned and used as input for a structure prediction (60) . Both approaches combined with sequence comparisons support a model in which the central ␣/␤ domain carries out the core function of 2C-like proteins (60) . Taken together, our results suggest that SHV p41 and most likely the corresponding polypeptides of all caliciviruses are NTPases that are functionally related to protein 2C of picornaviruses.
